Objective: Low wall shear stress (WSS) has been reported to be associated with accelerated atherosclerosis, aneurysm growth, or rupture. We evaluated the geometry of aortic arch aneurysms and their relationship with WSS by using the 4-dimensional flow magnetic resonance imaging to better characterize the saccular aneurysms.
Saccular arch aneurysms dilate without proportionate elongation. They, especially those occupying inner curvature, have low wall shear stress regardless of diameter and may therefore behave malignantly.
Perspective
Fusiform arch aneurysms elongate as they dilate, and wall shear stress is lower as the diameter is larger. Saccular arch aneurysms dilate without proportionate elongation, and they, especially those occupying the inner curvature, have higher and variable sac depth/ neck width ratio. When this ratio exceeds 0.8, wall shear stress is low regardless of diameter, which may explain their malignant behavior.
See Editorial Commentary page 1421.
See Editorial page 1411. Saccular aortic aneurysms generally are considered to have an elevated risk of rupture compared with fusiform ones; however, little is known about the influence of geometry and size of the saccular aneurysms on their risk. Using finite element analysis (FEA) of the simulated abdominal aortic aneurysms (AAAs) that had more or less asymmetric dilatation, Vorp and colleagues 1 reported that both diameter and shape affected the wall stress in AAA. Nathan and colleagues 2 reported that diameter-normalized wall stress assessed by FEA for saccular descending aortic aneurysms was greater than that for fusiform aneurysms. These reports, however, did not take account of the presence of mural thrombus or calcification. Shang and colleagues 3 reported that diameter-normalized wall stress calculated by FEA was not different between saccular and fusiform descending aortic aneurysms when mural thrombus was taken into account as wall thickness. These reports make us wonder what shape of aneurysm is associated with elevated risk of rupture and what the clinically relevant definition of the saccular aneurysm from this point of view is.
In the distal aortic arch and proximal descending aorta, we encounter saccular aortic aneurysms more frequently than in other areas. Shang and colleagues 4 reported that saccular aortic aneurysms comprised only 1.5% of the entire aortic aneurysms. The geometry of aortic arch is characterized by curvature and presence of major branches on the outer curvature. Therefore, we guess that such characteristics play an important role in the development and natural course of saccular aortic aneurysms in this curved region.
Four-dimensional (4D) flow analysis that is derived from the measured data of the magnetic resonance imaging (MRI) and computational fluid dynamics (CFD) simulation recently has been reported to evaluate flow dynamics of the aorta 5 or cerebral aneurysms, and effect of aortic valve configuration. 6, 7 Concerning the cerebral aneurysms, these methods have been used to elucidate the relationship between aneurysm geometry and the risk of growth and rupture, and parameters derived from them, such as wall shear stress (WSS) and oscillatory shear index (OSI), has been reported to be associated with rupture. [8] [9] [10] In the AAA, Chisci and colleagues 11 reported the usefulness of CFD-derived OSI to predict the risk of rupture. In the thoracic aorta, however, reports of such an analysis have been sparse. 12, 13 We evaluated the geometry of both saccular and fusiform aortic aneurysms in the aortic arch curvature from the multiplanar reconstruction of the contrast-enhanced computed tomography (CT) data and its relationship with WSS and OSI within them from the 4D-flow MRI. The objective was to determine the geometry and location, in relation to the aortic curvature, of the saccular aortic arch aneurysms that had these parameters distinct from those of fusiform aneurysms, so that we can better characterize them to stratify their risk.
MATERIALS AND METHODS Aneurysm Geometry Study
We retrospectively analyzed the geometry of aneurysms involving the distal aortic arch to proximal descending aorta in 100 patients who underwent contrast-enhanced CT between April 2009 and December 2015 at our institution. Patients' ages were 75 AE 7 years, and 64% were male. All were scheduled to undergo surgical treatment, and CT was a preoperative examination. Patients with multiple aneurysms in this region, aortic dissection, aortitis, infected aneurysms, connective tissue disorder including Marfan syndrome, dilated ascending aorta (>40 mm), and history of previous surgery on the ascending aorta to aortic arch were excluded from the analysis. This study was approved by the institutional review board .
To analyze the geometry of aneurysms, we used a modeling workstation (SYNAPSE VINCENT, Fujifilm medical, Tokyo, Japan) to process the CT data. As parameters of aneurysm geometry, external diameter, luminal diameter, aneurysm length, and neck width were measured from multiplanar reconstruction images, together with the luminal diameters of proximal and distal aorta (Figure 1 ). An average of proximal and distal luminal diameter was used as a luminal diameter of the nonaneurysmal aorta. Sac depth was calculated as a difference of luminal diameter between the aneurysm and nonaneurysmal aorta.
Patients were divided into the following 3 groups according to the geometry and location of the aneurysms; saccular aneurysms located on the inner curvature or ventral surface of aortic arch (saccular inner group), those located on outer curvature of aortic arch (saccular outer group), and fusiform aneurysms (fusiform group). Aneurysms were considered saccular when aortic dilation was focal and asymmetric with a portion of aortic circumference considered normal.
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4D-Flow MRI Study
Study subjects consisted of 16 patients who had aneurysms involving the distal aortic arch to proximal descending aorta and 8 young healthy volunteers and age-matched control subjects without aortic disease who underwent 4D-flow MRI for some reasons related to the underlying disease. Subjects having aneurysms also were included in the aneurysm geometry study. All participants underwent 4D-flow MRI between November 2011 and October 2015 at our institution. A 3-Tesla magnetic resonance scanner (Discovery MR750 or MR750w; GE Healthcare, Waukesha, Wis) was used. All participants had a tricuspid aortic valve. Patients with an aortic valve disease or ejection fraction less than 60% on transthoracic echocardiography were not included. This study was approved by the institutional review board (16-012, 22-45, 25-236) , the geometry study was approved by the institutional review board , and the 4D-flow study was approved by the institutional review board ; a written informed consent was obtained from all subjects.
4D-flow imaging. Contrast-enhanced 3D magnetic resonance angiography was performed first to create a shape of aortic wall. Bolus injection of 0.1 mmol/kg gadolinium chelate (Omniscan; Daiichi Pharma Co., Japan) was performed at an injection rate of 2.0 mL/s followed by 20 mL of saline at the same injection rate. For 4D-flow imaging, respiration compensated retrospective cardiac gating was used. Raw data were transferred to a personal computer for postprocessing and flow visualization in a DICOM (ie, Digital Imaging and Communications in Medicine) format. A flow analysis software Flova (R 0 -Tech Co, Hamamatsu, Japan) was used to visualize intraaortic flow information with the spatial resolution of 2 3 2 3 2 mm.
Analysis of flow pattern. Flow patterns in the ascending aorta and in the aneurysms were evaluated visually from the streamlines and particle traces for the presence of vortex flow ( Figure 2 and Video 1).
Analysis of flow dynamics. For calculation of the parameters of flow dynamics, we manually set 6 cross-sectional planes; namely, immediately above the sino-tubular junction (plane 1), just proximal to the origin of brachiocephalic trunk (plane 3), ascending aorta at the half way between the plane 1 and 3 (plane 2), just proximal to the origin of left common carotid artery (plane 4), just distal to the origin of left common carotid artery
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, and proximal descending aorta (plane 6) ( Figure 3 ). All planes were placed perpendicular to the longitudinal vessel axis. We regarded the average of planes 1 to 3 as the ascending aorta and that of planes 4 to 6 as the aortic arch for calculation of WSS and OSI in these areas. In the patients with aneurysms, other planes were set in the proximal, middle, and distal end of the aneurysm.
As parameters of flow dynamics, net flow velocity through each plane and net WSS and OSI of the circumferential luminal surface of each plane were calculated (Appendix 1). Change in the net flow velocity (m/s) during one cardiac cycle was measured in 20 phases and was averaged. A 3D method reported by Isoda and colleagues 15 was used for WSS calculation from MRI data. OSI, a mean fluctuation of WSS vectors during one cardiac A young healthy volunteer. Vortex flow (yellow arrow) was present in the ascending aorta. Case C: An age-matched control subject. Vortex flow (yellow arrow) was present in the ascending aorta. Case D: A patient with a saccular inner type aneurysm. Vortex flow was present in the ascending aorta (yellow arrow), and helix flow was present in the aortic arch (green arrow). The vortex flow occupied the entire aneurysm (red arrow). Case E: A patient with a saccular outer type aneurysm. Vortex flow was present in the ascending aorta (yellow arrow) and within the aneurysm (red arrow), and turbulent flow was present in the aortic arch (white arrow). Case F: A patient with a fusiform aneurysm. Vortex flow was present in the ascending aorta (yellow arrow) and within the aneurysm (red arrow). Group Y, Young healthy volunteer; Group C, age-matched control; Group A, patients with an aneurysm. cycle, ranges from 0 to 0.5. 16 Large OSI implies that WSS vectors fluctuate greatly.
Statistical Analysis
An IBM SPSS Statistics 22 software (IBM Inc, Armonk, NY) was used for all statistical analyses. The Pearson c 2 test was used for comparison of nominal variables and 1-way analysis of variance test was used for continuous variables. The Levene test was used to evaluate the equality of variances. As post-hoc tests, we used Bonferroni procedure when variances were equal or Games-Howell procedure when they were not. Correlation between the continuous variables was evaluated by Pearson rank correlation coefficient. Influence of 2 factors on one continuous variable was evaluated by 2-way analysis of variance test. P <.05 was considered significant. All results were presented as mean AE standard deviation.
RESULTS
Aneurysm Geometry Study
Eighty-two patients (82%) had a saccular aneurysm with the predominance of inner location (n ¼ 59, 59%), and only 18 (18%) had a fusiform aneurysm. External diameter was 59 AE 12 mm, with no difference among the 3 groups. Luminal diameter was 46 AE 10 mm, and patients in the fusiform group had significantly larger luminal diameter (54 AE 10 mm) than those in the saccular inner group (45 AE 9 mm) and saccular outer group (42 AE 7 mm) (P<.001, P<.001). External diameter/aneurysm length ratio, sac depth/neck width ratio, and their variance were largest in the saccular inner group, followed by the saccular outer group (Figure 4 ). There was a significant correlation between the external diameter/aneurysm length ratio and sac depth/neck width ratio (r ¼ 0.587, P <.001). Of note, the external diameter/aneurysm length ratio and sac depth/neck width ratio were fairly constant at 0.76 AE 0.18 and 0.23 AE 0.09 in the fusiform group.
4D-Flow MRI Study Patient characteristics. Mean age (year) of the 16 aneurysm patients was 74 AE 6.9, and those of 8 age-matched control subjects and 8 healthy young volunteer were 70 AE 6.9 and 40 AE 9.9, respectively. Patients with aneurysms belonged to the saccular inner group in 7, the saccular outer group in 5, and the fusiform group in 4 in the aneurysm geometry study. There was a significant difference in the diameter of ascending aorta (34 AE 3.6/32 AE 3.0/26 AE 1.2 mm, P < .001) and aortic arch (33 AE 2.8/30 AE 2.224 AE 1.1/mm, P < .001) among the patients with aneurysms, age-matched control subjects, and young healthy volunteers. Flow pattern (Figure 2, Video 1) . In the ascending aorta, vortex flow rarely was observed in the young healthy volunteers, whereas large vortex flow was almost always present in the patients with aneurysms and age-matched control subjects, who had larger aortic diameter. In the aortic arch, all subjects in the young healthy volunteer showed laminar flow, whereas age-matched control subjects and patients with aneurysms showed helical or turbulent flow. In the patients with aneurysms, all patients showed vortex flow within the aneurysm. Flow dynamics. Change in the net flow velocity through each plane during one cardiac cycle is depicted in Figure 3 . In all planes, peak flow velocity was significantly different among the 3 groups. In plane 1 of the patients with aneurysms, net systolic velocity was bimodal because of the vortex flow. Figure 5 shows 3D mapping of the peak WSS and OSI. WSS and OSI data were summarized in Table E1 . In the ascending aorta and nonaneurysmal aortic arch, peak WSS were the greatest in young healthy volunteers, followed by age-matched control subjects. It was the lowest in patients having aneurysms. In contrast, OSI was not significantly different except for the difference in the ascending aorta between young healthy volunteer and age-matched control subjects (P ¼ .034). In the ascending aorta, significant correlation was found between peak WSS and diameter (r ¼ À0.763, P <.001). In the patients with aneurysms, peak and average WSS and OSI within the aneurysms were significantly lower than those in the non-aneurysmal aortic arch (P ¼ .001, <.001, .003, respectively). There was no significant difference among the 3 aneurysm subgroups (saccular inner, saccular outer, fusiform). Even when the influences of luminal diameter VIDEO 1. Representative cases of 3-dimensional streamline visualization. Case A: A young healthy volunteer. Flow was laminar in the ascending aorta. Case B: A young healthy volunteer. Vortex flow was present in the ascending aorta. Case C: An age-matched control subject. Vortex flow was present in the ascending aorta. Case D: A patient with a saccular inner type aneurysm. Vortex flow was present in the ascending aorta, and helix flow was present in the aortic arch. The vortex flow occupied the entire aneurysm. Case E: A patient with a saccular outer type aneurysm. Vortex flow was present in the ascending aorta and within the aneurysm, and turbulent flow was present in the aortic arch. Case F: A patient with a fusiform aneurysm. Vortex flow was present in the ascending aorta and within the aneurysm. Group Y, Young healthy volunteer; Group C, age-matched control; Group A, patients with an aneurysm. Video available at: http://www. jtcvsonline.org/article/S0022-5223(16)31626-9/addons. and external diameter on these parameters were analyzed, no significant correlation was found. In contrast, there was a significant inverse correlation between sac depth/neck width ratio and peak WSS (r ¼ À0.587, P ¼ .017). When sac depth/neck width ratio was less than 0.8, there was a significant inverse correlation between luminal diameter and peak WSS (r ¼ À0.740, P ¼ .006) and external diameter and peak WSS (r ¼ À0.585, P ¼ .046) (Figure 6 ). Two-way analysis of variance test revealed that interaction between sac depth/neck width ratio > 0.8 and luminal diameter < 50 mm had significant influence on peak WSS (P ¼ .012).
DISCUSSION
The present study showed that the external diameter/ aneurysm length ratio and sac depth/neck width ratio of the fusiform aneurysms were fairly constant, whereas those of saccular aneurysms were higher and more variable. This finding suggests that dilatation of the fusiform aneurysms is accompanied by longitudinal extension, whereas that of the saccular aneurysms is not. It is natural that the external diameter/aneurysm length ratio correlated with sac depth/ neck width ratio. The external diameter/aneurysm length ratio and sac depth/neck width ratio of the saccular aneurysms occupying the outer curvature was smaller than that of those located in the inner curvature, possibly because the outer curvature is naturally longer than the inner curvature.
Such a difference in geometry had a significant influence upon the flow dynamics. Generally, peak WSS became lower as the sac depth/neck width ratio became larger. 17 When the sac depth/neck width ratio was less than 0.8, peak WSS showed significant inverse correlation with luminal diameter even in the saccular aneurysms. Consequently, peak WSS was always less than 0.25 when the luminal diameter exceeded 50 mm, or when the sac depth/neck width ratio exceeded 0.8 regardless of luminal diameter, which was the case only with the saccular aneurysms.
These results may suggest that flow dynamics of the saccular aneurysms is different from that of the fusiform ones when the sac depth/neck width ratio is higher than 0.8, and saccular aneurysms involving the outer curvature may behave more like fusiform ones than those involving the inner curvature from the standpoint of flow dynamics. In the intracranial aneurysms, it has been shown that WSS has inverse correlation with the sac depth/neck width ratio and WSS drastically decreases at sac depth/neck width ratio of 1.5$1.6. 17, 18 Our results suggest that, in the aortic arch curvature, this threshold value seems around 0.8.
Another important finding of the geometry study was the prevalence of saccular aneurysms, which represented 82% of the aneurysms involving the distal aortic arch and proximal descending aorta. This was in clear contrast to the report by Shang and colleagues 4 and may be explained by racial difference or unclear definition of the saccular aneurysms in their study.
In the flow pattern analysis of the ascending aorta, vortex flow was larger as the aortic diameter became larger. This relationship enhanced the correlation between peak WSS and aortic diameter, because the presence of large vortex flow itself resulted in low peak WSS. WSS is calculated from vessel radius, flow volume and blood viscosity, so that these relationships are logical. Other factors such as the shape of aorta may affect WSS in addition to the aortic diameter. Burk and colleagues 12 reported that presence of vortex flow was associated with both ascending aortic diameter and the ratio of ascending/descending aortic diameter. We also examined the relationship with this ratio, in addition to the length and angle of the ascending aorta, but could not find significant correlation (data not shown). High OSI has been reported to be a critical wall parameter indicative of vascular remodeling, aneurysm progression, and risk of rupture. 8, 10, 12, 19, 20 Although we could not find a clear relationship between OSI and aortic diameter or presence of aneurysms, high OSI area was small and its distribution was scattered, so that comparison of the average value may not be meaningful. Because OSI is a mean fluctuation of WSS vectors, it becomes high where blood flow detaches from the main flow to form a vortex or turbulent flow, such as the aneurysm neck. High OSI area is not necessarily present at the largest portion of aneurysms, which is consistent with the work of Boyd and colleagues 21 showing that rupture site of AAA is not necessarily at the largest portion of aneurysms. These reports suggest that not only the wall tension that is calculated from the Laplace's low but also the parameters of flow dynamics are important to understand the clinical behavior of the aneurysms.
Clinical Implications
It has been shown that low WSS initiate and exacerbate atherosclerosis through its effects on the endothelial cell function. The adequate level of WSS (>1.5 Pa/m 2 ) keeps it atheroprotective, whereas low WSS (<0.4 Pa/m 2 ) switches the endothelial phenotype to atherogenic. 19 Within the aneurysms, low-velocity vortex flow always was present and, as a consequence, WSS decreased. The pathophysiology of aortic aneurysms is characterized by inflammatory cell infiltration and destruction/reconstruction of the wall structure with complicated atherosclerosis. 22 The extracellular matrix of aortic wall is degraded by activation of matrix metalloproteinase. Cheng and colleagues 23 have reported that great activity of matrix metalloproteinase was observed in the low WSS area. Taken together, the low WSS within the aneurysms may contribute to weakening of vessel wall and promoting aneurysm growth. This means that once an aneurysm is formed, WSS becomes low, especially so in the saccular aneurysms, which promotes aneurysm growth, thereby forming a vicious cycle.
In the intracranial aneurysms, Jing and colleagues 9 have reported that ruptured aneurysms have lower WSS and higher OSI compared with unruptured aneurysms. Boussel and colleagues 8 have demonstrated the relationship between local aneurysm growth and areas of low WSS in untreated intracranial aneurysms. In the AAA, Boyd and colleagues 21 have reported that rupture occurred at the site of flow recirculation and low WSS. Although we did not have data on the aneurysm growth or rupture, these reports suggest that low WSS within the aneurysms is associated with an increased risk of rupture.
4D-flow MRI is costly and time-consuming, which makes its application to the patients unrealistic in our daily practice. On the other hand, the sac depth/neck width ratio can readily be calculated from a contrast enhanced CT data. For the patients with saccular aortic arch aneurysms, this ratio may be used to estimate the risk. When this ratio is less than 0.8, the size criteria may be appropriate in decision making. When it is more than 0.8, it is advisable to consider that the risk of aneurysm rupture is high regardless of its diameter. 
Study Limitations
This is a retrospective study in a single institution with its inherent bias. The sample size for 4D-flow MRI study was small. 4D-flow MRI uses blood flow velocity data and aortic luminal shape from MRA, so the obtained parameters do not reflect the aortic wall characteristics, such as presence of thrombus or calcification. Patients were evaluated at a single time point before surgery, and no information on the growth rate or the rupture site was available. Histopathology of the aortic wall also was not available. Therefore, we cannot draw any conclusions on the causal relationship between flow dynamics and aneurysm formation or their prognosis. MRI cannot be applied in the emergency situation. In this regard, CFD may be useful, but we believe that direct measurements by 4D-flow are superior to simulation in the elective situation.
CONCLUSIONS
Dilatation of the fusiform aneurysms is accompanied by longitudinal extension, whereas that of the saccular aneurysms is not, which results in higher and more variable sac depth/neck width ratio in the latter, especially those occupying the inner curvature. When this ratio is higher than 0.8, a situation only seen with the saccular aneurysms, WSS is invariably low, whereas WSS inversely correlates with the luminal diameter when it is less than 0.8. Because low WSS has been reported to exacerbate atherosclerosis and to be associated with aneurysm growth or rupture, these results suggest that the clinical behavior of small saccular aortic arch aneurysms may become worse when their sac depth/neck width ratio exceeds 0.8, and those occupying the inner curvature may generally be more malignant than those occupying the outer curvature. 
